


PDU Final Run Report 
NREL/Amoco CRADA Task #5 

August 1996 

Run number: Pb60506CF 
Dates of run: 5/14/96 to 6/28/96 
Feedstock: Blended Corn fiber 

1.0 Executive Summary 

The Process Development Unit (PDU) was operated with a corn fiber blend (corn fiber and corn screenings) 
for approxirnatkly six weeks using the Amoco Pretreatment Reactor (APR), the seed fermentation train, 
fermentation support equipment, three of the main 9000-L fermenters, the fourth fermenter as a kill tank, and 
distillation and centrifugation systems. The run utilized the recombinant yeast strain, LNHSTZ, to 
simultaneously) co-ferment glucose and xylose to ethanol (SSCF). The APR and fermentahon equipment 
operated conMupusly from May 14 through June 24 with few problems. The major objective for this run, to 
produce 10 tons1 of dry solid product for animal feed tesnng, was completed. 

Pretreatment severity was high at the start of the run and the resulting high inhibitor levels caused cells in the 
first 9000-L fedenter to wash out. After a subsequent decline in pretreatment severity and reinoculation of 
the first fernenter, cell growth and fermentation occurred in the first fernenter. There was a decline in 
pretreatment severity throughout the run. 

A more sensitive indicator of pretreatment severity during this run 
was inhibitor ( d ,  acetic acid, HMF, and furfural) concentration. Throughout most of the run, conversion of 
starch (at 100%) and xylan (at SS?h-lOO%) were lugh. 

A lactobacillrrs~ contaminant was detected in all the fermenters throughout the run. Major outbreaks, 
characterized b$ rapidly rising acetic and lactic acid concentrations, were successfully conaolled by the 
addition of an ahibiotic (Lactrol). The high acid levels did not affect glucose fermentation, but did inhibit 
xylose fermentation. 

Two complete mass balances were performed during this m. The first was done at a fermentation solids 
concentration of 25%, where 67% of the C6 sugars (i.e., monomeric and oligomeric glucose and galactose) 
and 26% of rnodorneric xylose were converted to ethanol (34% overall conversion of monomeric xylose to 
ethanol and by-pfoducts). Later in the run when acid levels were lower (due to wash out of the acids earlier 
produced by the contaminant), monomeric xylose conversion increased to 50%. At the second mass balance 
point (15% solids concentration), 80% of the C6 sugars and 53% of the xylose was converted to ethanol and 
total xylose conversion kcrexed to 80%. Process yields for the first and second points were low at 47% and 
55%, respectively, primarily because unconverted sugars were leaving the process in the form of cellulose, 
oligomeric glucose, and monomeric and oligomeric xylose. 

Areas where additional work is required include characterizing the performance of the APR and improving 
howledge of prekreatment conditions. Varying pretreatment conditions have not allowed a good comparison 
of PDU data w$h beach scale SSCF. Characterization of fermentation performance is necessary to both 
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improve and optimize performance and improve the predictive capability of the kinetic model. Work should 
also be done to characterize and limit the amount of unconverted sugars (i-e., potential ethanol) leaving 
fermentation. All these factors are necessary to improve the operation or economics of the process. 

2.0 Introduction 

The PDU was operated for aperiod of 6 weeks using the APR to pretreat a corn fiberkorn screenings feedstock 
and the h d u e  recombinant yeast (LNHST2) for simultaneous saccharification and co-fermentation (SSCF) 
of glucose and xylose to ethanol. The primary purpose of this run was to finish collecting 10 dry tons of 
representative solid product to test as an animal feed. This is the last task in the PDU of Phase 3 of the 
NREL/Amoco CRADA. The task followed closely after the finish of Task 4, in which the first 5 tons of solid 
product were collected. In addition, the run should show steady state operation at a high solids level (25%) 
while avoiding severe levels of contamination, demonstrate adequacy of the kinetics model andor improve 
the kinetic model to match experimental data, and collect any other data necessary for design of a commercial 
plant. An additional unit operation (cross-flow filtration) was also tested during this run. 

At the end of Task 4. several problems and issues -were identified that needed to be resolved and/or 
investigated during this run. Major problems included the automated feed system operation and removal of 
foreign objects from the feed, identification of feedstock lots, questionable feedstock composition 
measurements, contamination of the CSL system, lack of integrated mass balance data, and poor centrifuge 
performance. All of these problems were resolved except for the centrifuge. The new back dnve installed on 
the centrifuge did not improve performance as expected. Several major issues included improving the 
fermentation exhaust gas measurements for mass balance calculations, investigating the poor xylose 
conversion, investigating the hi& levels of oligomeric glucose at the end of the fermentation, and improving 
fermentation cell counts. Some progress was made in each of these areas and will be discussed in the report. 

3.0 Pilot Plant Operations 

Operation of the pilot plant began on May 14 and continued until June 28. The new automated feed system. 
APR, fermentation, distillation, and centrifugation equipment were used. Operating conditions were specified 
before the run and are presented in subsequent sections. Additionally, a run history and significant o p r r m o n d  
notes are presented. 

3.1 Procedures and Operating Conditions 

3.1 .I Feed HandlingFretrealment Operating Conditions 

This run used a blended feedstock of corn fiber and cracked corn in a 8.5 to 1.0 wet weight ratio (3.9 to 1 .U 
dry weight ratio assuming solids concentrations of 40% and 87% for corn fiber and cracked corn, 
respectively). Corn fiber and cracked corn were obtained from a Casco corn wet-milling facility (Cardinal 
plant, Ontario, Canada) and blended, frozen and shipped to the PDU in 55-gal drums in a rekigerated trailer. 
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PH 

Gauge Pressure 

Aimow (-11 

3.1.2 Fermentktion Operating Conditions 

5.0 5.0 5.0 5.0 5.0 5 .O 

(barj 0.33 0.33 0.33 0.33 

- - 0.5 0.5 0.25 0.03b 

Operating conhitions for the seed train are shown in Table 1. LNHST2 was grown by successive transfers 
from a small bhake flask to a larger shake flask, and then to the 20-L, 160.-L, and 1450-L fennenters, 
respectively. There was no pH control in the shake flasks. pH was controlled at 5 with 3.0 M NaOH in the 
20-L and 1601L fermenters and with 50% NaOH in the 1450-L fernenter. A 20% (w/w) inoculum was 
transferred fkom the 1450-L fernenter dxrectly into the first 9000-L fermenter. 

Fermentation conditions in the 9000-L fermenters are also presented in Table 1. Corn steep liquor (CSL) and 
enzyme additids were made to only the first 9000-L fermenter. pH was controlled using 50% NaOH. Level 
was controlled h the 9000-L fernenters (at 3500 L for 120 l b h  feed rate and at 3850 L for 130 l b h  feed rate 
for a 25% solidd concentration) to maintain a residence time of 36 hours in each vessel. The fermenter level 
was controlled at 6500 L when the fermentation solids concentration was 15%. Glucoamylase was batched 
into the first 9000-L fernenter daily at an approximate loading of 2 IU/g starch in the raw feedstock. 
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3.2 Run History and Operational Notes 

A time line for this run showing major events is presented in Figure 1. Feedstock lots 2-8 were used during 
this run at the approximate times shown on the time line. 

The first 9000-L fermenter was inoculated on May 17 at 1O:OO (run time 0 hours). Transfers to the second and 
third 9000-L fermenters began shortly thereafter. After 36 hours, there was no fermentation occurring in the 
first fernenter. Therefore. the solids concentration was lowered to 15% from the txgeted 25% to lower 
inhibitor concentrations. The results of bench scale fermentations with pretreated material produced during 
this time period confirmed that pretreatment inhibitors were responsible for the poor fermentation performance 
(see Section 4.3.2.1). 

Since there was no cell growth in the first fermenter because of the high inhibitor levels, it was reinoculated 
on May 21 at 1O:OO (run time 96 hours). This was the last inoculum used during this run. Solids concentration 
in the fernenters was increased back to 25% on May 27 at 12:OO (run time 242 hours) so that performance 
could be tested at the higher solids concentration. Inhibitor concentrations were lower because of decreasing 
pretreatment severity. Solids concentration was again decreased to 15% on June 12 at 16:OO (run time 630 
hours) to test fermentation performance at the lower level. 

On May 27 at 12:OO (run time 242 hours), the third 9000-L fernenter was drained to replace a bad pH probe. 
On May 30 at 4:OO (run time 306 hours) sterile water addition to the first fermenter was lost for 12 hours. This 
was caused by a control system problem that was not caught by the operators. The time line also shows 
Lactrol addition made during the run to control contamination. Each arrow indicates an addition to all three 
fermenters. 

Analysis of the data after the fact revealed that reinoculation may not have been necessary. The laboratory 
data dscussed in section 4.3.2.3 (and Appendix D) show that concentrations of inhtbitors fall during the lag 
phase, and that yeast cells remaining in the first fermenter would be expected to grow once concentrations of 
inhibitors fell to low enough levels. There was evidence of fermentation in the second and third fermenters 
prior to reinoculation of the first vessel. However, it is likely that washout of cells during the lag phase would 
have resulted in a very long delay in the establishment of steady state, and reinoculation eliminated this delay. 

The most significant operational problem with the fermentation system was plugging of the transfer pump 
between the first and second fermenter. At the time, it was not clear if large chucks of material were plugging 
the pump or if the pump was failing. After the run, it was found that metal and Teflon parts attached to the 
capacitance probe in the first fermenter had broken off and lodged in the suction pipe to the pump, blocking 
a large fraction of the pipe area. 
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Distillation operated well most of the run with only a few plugging problems. Centrifugation also operated 
well except for an occasional spill over of centrate into the cake tank. This was caused low density material 
that would plug the centrate line. 

4.0 Key Resuljs 

The following sections presents key results obtained during operation of the pilot plant. 

4.1 Feedstock 1 

The composition of corn fiber blends used in this run as well as in Task 4 are shown in Table 2, along with 
the average values that were used in mass balance and yield calculations. These averages include Task 4 and 
5 data. Some Lf the glucose values produced by the outside laboratory were high. Repeat analysis of the 
feedstock by k L  personnel gave more reasonable values, which are also closer to values generated by 
Amoco's anal&cal laboratory. Both CAT and h o c o  values and some of the more reasonable values 
generated by the outside laboratory have been used to calculated averages. Starch measurements were the 
most variable q_@g fkom 17.5?h-39.0?& with an average of 27.2% and a standard deviation of 6.8%. Starch 
measurements have been a problem with the blended feedstock. This could be due to problems obtaining a 
representative sample of feedstock or obtaining a representative sample from the sample bag for analysis. 
CAT processing procedures included milling the entire sample and thoroughly blending before withdrawing 
a sample for andlysis. Although not shown, acetate is assumed to be 2.5% of the feedstock, based on previous 
acetate values reported by the Amoco Analytical Laboratory. 

4.2 Pretreatment 

A new phenomenon that occurred during this run was deposition of a solid product. 
This residue coated the inside of the pipes and varied from near the same color to much darker in color 
than the normal pretreated material. The darker residue coated the inside wall of the pipe and the lighter 
residue was deposited on top of the darker residue. 

The results of an analysis of some of the residue 
using methods for feedstock analysis are shown in Table 3. 

There are signihcant differences between each of the above samples as well as a significant difference from 
pretreated material. The deposited residue is low in carbohydrates and high in lignin and protein when 
compared to pretreated material, The residue may be deposited after cooling during the flash step. However, 
the presence of solids in the high temperature environment and deposition of similar solids in reactors
conducting high-temperature, dilute acid hydrolysis of cellulose suggest that cooling may not be important. 
The more severd, pretreatment conditions during this run are likely responsible for this lignin-rich residue that 

CRADA Protected I?fommtion 5 NREL/Amoco CRADA 91-003 







The implications on fermentation performance will be 
discussed in Section 4.3. 

Figure 4 shows glucose concentrations and feedstock usage during the run. A comparison of feedstock 
glucose and starch composition for each lot does not show any correlation with the trend on the chart. 
Although there 
is no noticeable difference in glucose concentration, there was a noticeable increase in inhibitor concentrations 
(see Figure 3), particularly at 270 hours. 

Figure 5 shows the ratio of monomeric to total soluble sugar for both glucose and xylose. The ratios were high 
during the first few weeks of the run averaging about 80% for both sugars. As pretreatment severity decreased 
toward the end of the run as noted above, the ratio also slightly decreased to an average of about 70%. 

Yields of total soluble glucose and xylose and acetic acid are shown in Figure 6. Xylose yields during the 
first 300 hours of the run were high averaging about 1 lo%, and decreased to an average of about 90% by the 
end of the run. Acetic acid yields were also htgh during the start of the run (70%) and decreased to about 40% 
at the end of the run. The greater proportional decrease in acetic acid when compared to xylose suggest that 
there is not a one-to-one release of acetic acid and xylose during hemicellulose hydrolysis. 

Glucose yelds do not show any trend and were somewhat constant at about 80% throughout the run. Based 
on the average feedstock composition, starch is 70% of the total available glucose. Thus, these results suggest 
nearly complete starch hydrolysis and 30%-50% hydrolysis of the cellulose. 

4.3 Fermentation 

4.3.1 SSCF Performance 

The SSCF train began operation on May 17 at 1O:OO with inoculation of the first 9000-L fermenter (run time 
0 hours). The third fermenter was filled by May 19 at 20:OO (run time 58 hours). The train operated in a 
continuous mode except when feed was lost from the APR, at which time operation reverted to batch. 
Analytical data for all of the fermenters are shown in Appendix B. 

4.3.1.1 Sugar and Product Con'centrations 

Monomeric sugar concentrations in all three fermenters are shown in Figure 7. Note that all of the glucose 
is consumed after an initial lag. The bump in the glucose curve (at 50 hours) for the first fermenter was caused 
by changing the solids concentration from 25% to 15% in an attempt to get the fermentation going. Although, 
there was still no utilization of glucose in the first fermenter until after it was reinoculated at 96 hours. This 
is also shown in Fibwe 8, which plots only ethanol and xylose in each of the three fennenters. Ethanol 
production began in the second and third fermenter before reinoculation. T h s  lag in ethanol production was 
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The APR feed is another possible source of contamination, but up until Task 5 no contaminant was isolated 
from pretreated material. After several modifications to the laboratory test procedure, including increasing 
the incubation time to 7 days, several samples from the APR contained both bacteria and fungi. Bacteria and 
fung were isolated in samples taken at 220 hours, 400 hours, 450 hours and all samples taken between 760 
and 840 hours. The bacterial isolates typed from the 450 and 840 hour samples were Luctobacilluspl~ntuncm, 
matching the organism found in the fernenter during that same time frame. The yeast isolated from the 
sample taken at 220 hours exhibited the same characteristics as the yeast in fermenter and from the CSL tanks. 
No obvious loss of APR operating conditions were noted at these times, although many small problems  
may have contributed to contaminating the samples. Finding the same type 
of yeast in the APR material, fermenter and CSL samples may point to an airborne contaminant. Contaminated 
APR feed would explain the continued presence of contamination in the fermenters. 

Other areas checked for contamination included sterile water added to the first 9000-L fermenter, the cellulase 
feed bottle and pump seal water. Pump seal water samples were positive for a gram negative bacteria, which 
was not found in the fermenters but is very common in process and chilled water. Sterile water and the 
cellulase enzyme systems were both clean. Nisin addition to the enzyme worked well at eliminating bacteria 
fiom the enzyme. Other areas to consider sampling in the future would be the fermenter agitation seals and 
plant air. 

Two areas need to be addressed to improve contamination control are changes in fermentation conditions and 
PDU procedures and equipment. Higher ethanol concentrations and lower operating pH would significantly 
reduce bacterial contaminants. 
PDU personnel need to be more diligent in insuring equipment and 
associated feed lines are thoroughly cleaned. Improvements have been made to the CSL system, but there are 
still contamination problems. Determining microbial load in the CSL may be necessary to effectively 
determine sterilization times and temperature. Finally, another sterility validation test should be performed 
on all of the fermenters. 

4.3.2 Supporting Bench Scale Work 

The following sections report on bench scale work carried out during Task 5 in support of PDU operations. 

4.3.2.1 Fermentation of APR Samples From Stare of Run 

At the start of the run no glucose conversion by LNHST2 was observed in the 9000-L fermenters. It was 
suspected that high levels of inhibitors in the pretreated material produced during the first week of Task 5 (see 
Figwe 3) was &biting the fermentation. To confirm this, a set of shake flask fermentations were done using 
APR material from this period. Table 5 shows HMF, furfural, and acetic acid in the pretreated samples. Each 
flask contained pretreated corn fiber at 25% (w/w) solids (33% solids were assumed for all pretreated corn 
fiber samples), 1% CSL, and 10% inoculum. The pH in each flask was adjusted to 5.0 using NaOH. A control 
flask containing 8% glucose, 4% xylose, 1% CSL, and 10% inoculum was also included. Samples taken over 
a week long period were analyzed for sugars, ethanol, organic acids, HMF, and furfural. 

Figure 12 summarizes sugar consukption by LNHST2 for each of the APR samples. The results show a strong 
correlation between inhibition of glucose and xylose consumption and increased furfural and HMF levels. 
The flask with the highest furfural and HMF at the start of the fermentation still had small quantities of the 
two chemicals detected at 150 hours and had yet to utilize any sugar. The disappearance of HMF and furfural 
during fermentation was later studied in more detail (see section 4.3.2.3). The presence of 3.7 g/L acetic acid, 
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95% cc#u5dence limits were not calculated with Task 5 data as a new mass balance presentation was 
used. However, Task 4 results have shown that the data is within 100% at the 95% confidence limits 
and the same results would be expected for Task 5 results. There is still the problem with the 
obvioubly low value measured for carbon dioxide. 

fermentable form. 
The conversion 

7. Compare the performance of the kinetics model with Task 5 data and see if the ethanol production rate is 
within 20% of the predicted value. 

New terms were added to the kinetic model to account for inhibition by organic acids, HMF, and 
furfur4. The model predicted ethanol concentration in the third 9000-L fermenter to within 5.5%. 

It is also important to convert more of the xylose (oligomeric and monomeric) to ethanol. 
of oligomeric xylose during the latter half of the Task 5 run is promising and should be 

7. Collect fenndntation solids and wash so that sulfate levels in the wash water are no higher than 0.3 wt. %. 
Save solids for 'future testing as animal feed. 

A total of 12.5 tons of dry solids was collected by the end of Task 5.  The solids were not washed and 
sulfate levels in the cake were 0.5%-0.9%. 

9. Operate the PDU with 3 operators during the day and only 2 operators during evening and night shifts. 
The PDU was normally operated this run with 3 operatordshift. The extra coverage was provided to 
cover operation of the ultrafilmtion unit a id  ethanol recycle y t e m .  and install the APR direct steam 
injection system. However, the ethanol recycle system was not used and the ultrafiltration unit was 
only tedted for a few days. 

7.0 Problems d d  Recommendations 

Below is a list~of some of significant technological problems encountered during this run and possible 
recommendations for improving understanding and economics of the process, 

1) Critical to understanding fermentation performance is identifying and controlling pretreatment conditions. 
It has not been possible to achieve known and constant conditions in the APR.
The changing pretreatment severity has 
made it difficult lo compare bench fermentation data to PDU data. Effort is needed to achieve better control 
so that performance CM be predicted and repeatable conditions can be routinely achieved. 

2) Bench fermen tion work has provided some of the necessary data needed to operate the PDU. However, 
Iackmg is arigorous mveshgation of the pertinent variables (e.g., nutrients, ethanol and other inhibitors, etc.) 
that may have a significant effect on fermentation performance. 

P .  . 

3) Significant work has been accomplished building a kinetic model to predict fermentation performance. 
But as shown by h e  recent addition of terms to the model for effects of acids, HMF, and furfural, there may 
be &own fact4rs that are not included in the model. Additionally, there is a sigxllficant difference between 
batch and continuous performance that is not predicted by the model. Work is needed to improve and 
experimentally vlerify the predictive capability of the kinetic model. 

CRADA Protected Iuf&mtioa 25 NRELiAmoco CRAI)A 91-003 



investigated as a way of converting additional xylose to ethanol. Higher yields may also be achieved by 
removing the inhibitors, particularly acetic acid. 

5 )  A commercial plant will need to pump pretreated material to the fermenters. It is necessary to identify a 
suitable pump for t h s  service. 

8.0 summary 

LNHST2 was initially grown in the seed fermentation train using the 20-L, 160-L, and 1450-L fermenters and 
used to inoculate the first 9000-L fermenter. The cells did not grow or produce ethanol in the first fernenter 
because of the high pretreatment severity during the fxst week of the run that produced high inhibitor levels. 
Since the cells did not grow, they were washed out of the first fermenter and the first fermenter was 
reinoculated four days later. By this time, growth and ethanol production was occurring in the second and 
third fermenters. This lag in performance is due to high furfural levels. Bench scale work has shown that 
W r a l  must be reduced to low levels (< 0.1 g/L) before fermentation can begin. It is not known if furfural 
is being metabolized by the cells or chemically reacting. 

The APR and fermentation equipment were successfully operated for the duration of the run (approximately 
six weeks). The APR was shut done numerous times. 
These shutdowns were typically less than one hour and probably had no significant effect on steady state 
in the fermenters. It is still difficult to maintain constant pretreatment conditions in the APR. The most 
sensitive indicators of pretreatment severity was the inhibitor concentrations, which had a significant drop 
from the beginning to the end of the run. Monomeric xylose also showed a small but steady decline 
throughout the run. The changing pretreatment severity makes it difficult to compare PDU performance with 
bench fermentation data. 

As in previous runs, contamination was present throughout the run. The quick use of Lactrol avoided high 
by-product (is., acetic and lactic acid) concentrations that could have severely disrupted the fermentation. 
However, the elevated levels of the acids was enough to inhibit xylose fermentation. The primary contaminant 
was luatobuailltrsplunturum, which was found in pretreated material. But it is not clear if this organism is 
surviving pretreatment or is infecting the feed downstream of the APR discharge. This was not the organism 
found in the CSL transfer line. 

The process appeared to approach steady state twice during the run. This first occurred at approximately 600 
hours at a 25% solids level in fermentation. All of the available glucose was consumed and about half of the 
xylose was consumed, although not all of it was converted to ethanol. The second point was near the end of 
the run (run time 845 hours) when fermentation was at a 15% solids level. Approximately 80% of the xylose 
was consumed because of the lower inhibitor levels. Even at the second point, only 55% of the total available 
sugars were being converted to ethanol. Unconverted sugars are in the form of cellulose, oligomeric glucose, 
and monomeric and oligomeric xylose. CeIlulose conversion depends on pretreatment severity and enzyme 
loading, and because of enzyme 'cost, cellulose may not be economically recoverable. But conversion of the 
remaining glucose and xylose to ethanol is necessary to improve process economics. 
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Figure 4. Glucose Concentrations in APR Samples and Feedstock Usage 
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